A new strictly anaerobic bacterium (strain BAL-lT) has been isolated from a reed bed at Ballarat Goldfields in Australia. A number of different bacteria are able to protect themselves from arsenic. They do so by first reducing arsenate [As(V)] that has entered the cell to arsenite [As(III)] and then transporting the arsenite out of the cell; arsenate reduction does not appear to support growth (7, 20) . Reduction of arsenate to arsenite in anoxic environments has also been demonstrated (3, 15), but until recently the organisms responsible for this reduction and the mechanisms used were not known.
A number of different bacteria are able to protect themselves from arsenic. They do so by first reducing arsenate [As(V)] that has entered the cell to arsenite [As(III)] and then transporting the arsenite out of the cell; arsenate reduction does not appear to support growth (7, 20) . Reduction of arsenate to arsenite in anoxic environments has also been demonstrated (3, 15) , but until recently the organisms responsible for this reduction and the mechanisms used were not known.
In 1994 a new isolate was described in a scientific correspondence in Nature (1). This organism, strain MIT-13, when grown in the absence of oxygen was found to use arsenate as a terminal electron acceptor during growth on lactate as the electron donor and carbon source. The lactate was presumably oxidized to acetate, but not completely to CO,, as the respiratory compound acetate could not be used as a substrate for growth (1). The doubling time for growth on 10 mM arsenate was approximately 14 h. Strain MIT-13, which resembles morphologically Desulfovibrio species, could also grow on lactate using sulfate as the terminal electron acceptor (1).
More recently, strain SES-3, isolated first as a selenatereducing bacterium, was found to reduce arsenate to arsenite when grown in the absence of oxygen and when using lactate as the electron donor and carbon source; the lactate was oxidized to acetate (11) . The doubling time when this strain was grown with 5 mM arsenate was about 5 h. Like strain MIT-13, strain SES-3 was unable to grow using acetate as the electron donor.
Arsenate-dependent anaerobic growth by a pure culture with the respiratory substrate acetate as the electron donor has not yet been reported, although acetate-dependent arsenate reduction in anoxic sediments has recently been demonstrated (3). We describe here a newly isolated strictly anaerobic organism that can grow with acetate as the electron donor only if arsenate, nitrate, or nitrite is present as the terminal electron acceptor; sulfate and Fe(II1) do not function as terminal electron acceptors. The arsenate is reduced to arsenite. Since BAL-lT is able to grow in a minimal medium with arsenate as the electron acceptor and the respiratory substrate acetate as the electron donor, this new arsenate-reducing bacterium can apparently conserve energy using arsenate respiration. In addition, the 16s rRNA sequence of this isolate is consistent with the hypothesis that this organism is phylogenetically unique.
MATERIALS AND METHODS
Growth media and conditions. The anoxic minimal medium described previously (14) was used, except that the sulfate concentration was 0.03 mg/liter. In enrichment cultures and when cultures were purified in agar medium (Oxoid purified agar, 1.5%) a reducing agent (0.03% cysteine) was present, and the concentration of arsenate and acetate was 10 mM. When carrying out growth experiments the minimal medium contained acetate (5 mM) and arsenate (5 mM); cysteine-HC1 was not present. When substrates used for growth were tested, the medium contained an electron acceptor (5 mM) plus an electron donor (5 mM); cysteine-HCl was not present in the medium. The standard anaerobic culture technique of Hungate was used for all of these experiments (14) . All incubations were done at 28°C.
Enrichments. Anoxic enrichments were made in a minimal medium by using mud obtained from a reed bed near the Ballarat Goldfields in Ballarat, Australia, as the inoculum (14); the reducing agent added was 0.03% cysteine-HC1, and the medium contained arsenate (10 mM) and acetate (10 mM). Enrichments were incubated for 6 days at 28°C. The enrichment was subcultured twice. A very motile, small, curved rod, designated BAL-lT, was isolated from the third enrichment subculture, using the same anaerobic medium containing 1.5% Oxoid purified agar in Hungate roll tubes (14) . This organism has been deposited with the American Type Culture Collection as strain ATCC 700172. The organism has been maintained by subculturing once a week on average in minimal medium containing acetate (5 or 10 mM) plus arsenate (5 or 10 mM); cysteine-HCI was not present in the medium.
Growth of BAL-lT on acetate and arsenate. BAL-lT was grown in 400 ml of anoxic minimal medium plus acetate (3 to 5 mM) and arsenate (3 to 5 mM). The pH was maintained at 7.4 to 7.8 by the addition of 100 mM HCl. The inoculum was 40 ml of an overnight culture grown in the same medium (without pH control). The concentration of total arsenic [As(V) plus As(III)] remained constant throughout the experiment. Prior to its use in growth experiments, BAL-lT had been subcultured and grown in minimal medium, containing only arsenate (5 or 10 mM) and acetate (5 or 10 mM), at least 50 times; cysteine was not present in the medium. Growth experiments were carried out on five separate occasions; the results of one of these experiments are presented here. Initially, experiments were performed without pH control; however, the pH rose to 9.4 during growth and arsenate reduction (see the equation in Discussion; protons are consumed during arsenate reduction to arsenite with acetate as the electron donor), and growth ceased when cell numbers had reached 1O8/ml.
Electron donors and electron acceptors used for growth. [12] ), selenate (5 mM), and oxygen (added as 10 ml of air to a closed 10-ml roll tube containing 10 ml of medium). The electron donors tested (all at 5 mM, except molecular hydrogen, of which 10 ml was added) for their ability to support growth when arsenate or nitrate was present as the electron acceptor included formate, molecular hydrogen, acetate, pyruvate, lactate, fumarate, malate, succinate, citrate, selected amino acids (glutamate, threonige, aspartate, serine, phenylalanine, arginine, valine, and histidine), methanol, glucose, fruc-1 ose, sucrose, ribose, xylose, and benzoate. Standard anaerobic cultivation methods were used throughout these experiments (14) . The initial BAL-lT inoculum used for these experiments had been grown in minimal medium containing acetate (5 mM) plus arsenate (5 mM). Growth with a given electron acceptor was considered positive only if at least 90% of the electron acceptor had been reduced, after at least three subsequent subcultures. Since good growth (i,e., an increase in the number of motile bacteria from about S x 106/ml to at least 1O8/ml in non-pH-controlled cultures) was observed only in cultures where either nitrate or arsenate was the terminal electron acceptor (nitrite supported only slight growth. with numbers reaching only about 5 X 107/ml), the ability of BAL-lT to grow with various electron donors was determined by using only these two electron acceptors. Growth on a given electron donor was considered positive only if the numbers of motile organisms had increased from about 5 X lo6 to 108/ml after at least three subsequent subcultures and if at least 90% of the nitrate or arsenate present in the culture initially had been reduced to nitrite plus ammonia or to arsenite. In cultures where arsenate was reduced to arsenite, the total amount of arsenic in cultures Iemained constant throughout the experiment.
Analyses. The concentrations of total arsenic [As(III) plus As(V)] and arsenite [As(III)] were determined as described in references 6 and 24, using a Varian Spectra AA20 atomic absorption spectrophotometer for detection of the arsenic hydrides. A model VGA-76 hydride generator was used. Nitrate and nitrite were analyzed as described previously (13, 19) . Ammonia was measured using the method of Bower and Holm-Hansen (2). Acetate was analyzed as described previously (13) .
Electron microscopy. Cells were negatively stained with 1% uranyl acetate in 0.4% sucrose and were viewed and photographed with a Zeiss EM 109 transmission electron microscope.
DNA base composition. Genomic DNA was extracted and the melting temperature was determined by the method of Nelson et al. (16) . Strain BAL-lT was grown in minimal medium plus 0.4% yeast extract, 10 mM nitrate, and 10 mM zcetate at 28°C. Cells were collected by centrifugation at 10,000 X g for 15 min. DNA isolated from Escherichia coli K-12 ATCC 10798 and Pseudomonas aerugifiosa ICPB 2524 were used as controls; both organisms were grown in nutrient troth (Difco) at 3TC, and cells were harvested as before. Cells were disrupted in a French press (16,000 lb/in2; American Instrument Company, Silver Spring, bdd.). The DNA from each resulting cell extract was extracted and purified, and the melting temperature was determined and used to calculate the G + C content (in moles percent) as described by Nelson et al. (16) .
16s rRNA sequence determination. Cells were grown as described above (with 5 mM arsenate and 5 mM acetate), centrifuged for 30 min at 8,000 X g, suspended in 2 ml of minimal medium lacking acetate and arsenate, and then centrifuged for S min in a microcentrifuge. The pellet was resuspended in 50 pl of sterile water. This suspension was heated at 95°C for 15 min to release the DNA. The heated suspension (1 pl) was then used for amplification of the ribosomal DNA gene by PCR as described by Rainey ct al. (18) . The PCR products were purified by adding 95 to 100 FI of direct purification buffer (50 mM KCI, 10 mM Tris-HC1 [pH 8.8 at 25"C], 1.5 mM MgCI,, 0.1% Triton X-100) (Magic PCR Preps DNA purification system; Promega Corporation) and then using the Promega Wizard Minipreps DNA purification system according to the manufacturer's instructions. The purified PCR product was used as a template for automated sequencing on an Applied Biosystems 373A DNA sequencer. The 16s ribosomal DNA sequencing primers used were as follows (E. coli numbering): 342r, S'CTGCTGCCTCCCGTAG; 357f, S'CTCCTACGGGAGGCAGC AG; S19r, 5'GWA'lTACCGCGGCKGCTG; S30f, S'GTGCCAGCMGCCGC CiG; 787r, S'CTACCAGGGTATCTAAT, 803f, S'AITAGATACCCTGGT; 1224f, S'TACACACGTGCTACAATG; and 1392r, 5 'ACGGGCGGTGTGTRC (K = G or T, M = C or A, R = A or G, W = A or T) (9). The 16s rRNA sequence of strain BAL-lT was aligned manually against representative bacterial 16s rRNA sequences obtained from the NSF Ribosomal RNA Database (10, 17). Painvise evolutionary distances were computed by the method of Jukes and Cantor (8) with the DNADIST program in the PHYLIP 3.4 software package (4). Positions where length and sequence variations made alignment uncertain and where there was less than SO% consensus (25) were omitted. The final analysis included 1,018 bases. Phylogenetic dendrograms were constructed by the neighbor-joining method of Saitou and Nei (22) , and also by the parsimony method by using DNAPARS in PHYLIP (4). Bootstrap analysis was performed to determine the statistical significance of the branching patterns of trees produced by both neighbor-joining and parsimony analyses by using the statistical programs SEQBOOT and CONSENSE from the PHYLIP 3.4 software package ('I). The sequence of Methanosarcina barken was used as the outgroup in phylogenetic analyses.
Nucleotide sequence accession number. The sequence determined in this study for BAL-lT has been deposited in EMBL under the accession number X8 13 19.
RESULTS
Isolation. Predominant in all enrichments was a small, curved, motile, rod-shaped bacterium. The organism isolated, designated BAL-lT, is a gram-negative, strictly anaerobic, curved, rod-shaped bacterium with a single polar flagellum (Fig. 1) .
Growth with acetate plus arsenate. Growth of BAL-lT in minimal medium containing acetate (3.9 mM) as the electron donor and arsenate (3.6 mM) as the electron acceptor is shown in Fig. 2 . BAL-lT reduces arsenate to arsenite while using acetate as the electron donor. The level of total arsenic (i.e., arsenate plus arsenite) remained constant throughout growth. The generation time during growth was 4 h. Growth ceased when all of the arsenate had been reduced. On the basis of data in Fig. 3 , the stoichiometry of acetate consumption and arsenite production was about 4. Growth did not occur when either arsenate (Fig. 3) or acetate (data not shown) was absent from the medium.
Growth characteristics. When BAL,-lT was grown in minimal medium with arsenate (5 mM) as the terminal electron acceptor, the following electron donors and carbon sources supported growth: acetate, pyruvate, L-and D-lactate (growth with D-lactate was greater than that with L-lactate), fumarate, succinate, and malate. No growth occurred on any of these substrates when arsenate was absent. Hydrogen, formate, citrate, glutamate, threonine, aspartate, serine, phenylalanine, arginine, valine, histidine, methanol, glucose, fructose, sucrose, ribose, xylose, and benzoate did not support growth in the presence of arsenate.
When BAL-lT was grown with acetate (5 mM) as the electron donor and carbon source, only nitrate (5 mM) and nitrite (5 mM) could replace arsenate as the terminal electron acceptor. The electron acceptors sulfate, thiosulfate, Fe( 111), selenate, and oxygen did not support growth. Growth with sulfate plus lactate did not occur.
16s rRNA sequence analysis. The full 16s rRNA sequence of strain BAL-lT was determined. The analysis of almostcomplete 16s rRNA sequences showed that strain BAL-lT branched deeply with "Flexistipes sinusarabici," an anaerobic, gram-negative, flexible, rod-shaped thermophilic bacterium isolated from brine water samples of the Red Sea at a depth of 2,000 m (5), and Synechococcus sp. strain 6301 (Fig. 4) . The analysis of binary similarity data indicated that the 16s rRNA sequence of strain BAL-lT has only 74.8 to 81.8% similarity with the sequences of representatives of all other major phylogenetic groups within the Bacten'a. The phylogenetic relationship of strain BAL-lT with the phyla of the Bacteria is shown in Fig. 4 . Comparison of the BAL-lT 16s rRNA sequence with those of the major phyla of the Bacteria showed that the highest similarities are with Lactobacillus casei (8 1.8%), "F. sinusarabici" (8 1.7%), Bacillus subtilis (8 1.7%), and a Synechococcus sp. (81%). Bootstrap analysis showed that some deep branching points were statistically unstable. When the neighbor-joining method was used, the branch including strain BAL-lT, "F. sin~sarabici,~' and the Synechococcus sp. and that joining BAL-lT and "F. sinusarabici" occurred in 36 and 50% of trees, respectively. Bootstrap analysis of trees created by using DNAPARS also showed strain BAL-lT branching with the Synechococcus sp. and "F. sinusarabici," but in fewer (28%) trees, while the branch joining strain BAL-lT and "F. sinusarabici" occurred in 44.3% of these trees. The variation in percentages of trees showing a particular branching pattern is characteristic of the use of different algorithms. The low percentages illustrate the instability of the deep branching points of the phylogenetic tree, even when established representatives of bacterial groups were used for comparison with the new strain.
Comparison of the BAL-lT 16s rRNA sequence with the eubacterial consensus sequence (conserved in 95% or more of eubacterial 16s rRNAs) (9) showed that the sequence of BAL-IT differed from the consensus at four positions (the base in the eubacterial consensus is given first): position 607 (A versus U); position 678 (U versus G); position 712 (A versus U); and position 1159 (U versus A). Positions 678 and 712 are complementary, so that a U-A pair is replaced by G-U.
DISCUSSION
Strain BAL-lT is a physiologically unique bacterium and differs from the two known arsenate-reducing bacteria (MIT-13 and SES-3) in its ability to grow with the respiratory substrate acetate as the electron donor (1, 11). Neither strain MIT-13 nor strain SES-3 is able to use acetate as the electron donor for the reduction of arsenate; instead, they grow by using lactate (1, 11) . The ability of BAL-lT to use the respira- reduced to arsenite in anoxic environments when acetate is present as the electron acceptor, supports the existence of organisms such as BAL-lT (3).
In addition to using arsenate as the terminal electron acceptor, BAL-lT can also use nitrate or nitrite. Strain MIT-13 can use either arsenate or sulfate (l), while SES-3 also uses selenate, Fe(III), thiosulfate, elemental sulfur, Mn(IV), nitrite, trimethylamine N-oxide, or fumarate (1 1).
The 16s rRNA data support the conclusion that BAL-lT is phylogenetically unique and at present is the first sequenced representative of a new deeply branching lineage of the Bacteria. The nearest relative of BAL-lT is "F. sinusarabici" (Fig.  4) , which is an anaerobic, gram-negative, flexible, rod-shaped, thermophilic bacterium isolated from brine water samples of the Red Sea at a depth of 2,000 m (5). This organism is physiologically different from the arsenate-reducing bacterium. The phylogenetic positions of strains MIT-13 and SES-3 are not known at present.
Apart from BAL-lT, MIT-13, and SES-3, the only other bacteria known to reduce arsenate do so as part of a mechanism used to protect themselves from this compound. Arsenate-resistant isolates of both E. coli and Staphylococcus aureus transport this oxyanion into the cell, reduce it to arsenite, and then transport the arsenite out of the cell (7). Arsenate reduction by these organisms presumably does not support growth, although this reaction can potentially yield energy:
HA SO,^-+ 2H,AsO,-+ 5H+ + CH,COO-+ 4H,AsO, + 2HC0,-(at pH 7 , AGO' = -252.6 kJ/mol of acetate) (21, 23) It will be interesting to compare the arsenate reductase enzyme of BAL-lT and the genes encoding this enzyme with the enzymes and genes of the E. coli and S. aureus arsenic resistance systems.
In conclusion, BAL-lT is both physiologically and phylogenetically unique and is the first representative of a new deeply branching lineage of the Bacteria for which we propose the name Chiysiogenes arsenatis gen. nov., sp. nov.
Description of Chrysiogenes gen. nov. Chlysiogenes (chry.si.0-'ge.nes; Gr. n. chlyseion, gold mine; Gr. patronymic suff. -genes, sprung from, born from; N. L. masc. n. Chlysiogenes, sprung from a gold mine, because it was discovered at a gold mine). Gram-negative, curved, rod-shaped cells are 1.0 to 2.0 pm long and 0.50 to 0.75 pm wide, with rounded ends. Cells are motile, each with a single polar flagellum. Strictly anaerobic. Grows in defined media containing acetate as the carbon source and electron donor. Exhibits anaerobic respiration with arsenate, nitrate, or nitrite as the electron acceptor. Arsenate is reduced to arsenite. Nitrate is reduced to nitrite and ammonia. Acetate is metabolized to CO,. Growth is also supported by the carbon and energy sources pyruvate, L-lactate, D-lactate, malate, fumarate, and succinate. Vitamins are not required for growth in a defined medium. In agar, colonies are small, round with entire edges, convex, and white. Optimal growth occurs at 25 to 30°C. The base composition of the DNA of the type strain of the type species is 49 mol% G + C (as determined by the thermal denaturation method). Phylogenetically, the genus is the first representative of a new deeply branching lineage of the Bacteria. The type species is Chiysiogenes arsenatis.
Description of Chrysiogenes arsenatis sp. nov. Chrysiogenes arsenatis (ar.sen.a'tis. M.L. gen. n. arsenatis, of arsenate, referring to the ability of the organism to reduce arsenate to arsenite). In addition to the characteristics given above in the genus description, C. arsenatis has the following characteristics. In liquid medium, when grown with either arsenate or nitrate, the organism forms large "swarms" of motile bacteria; these are not clumps, as all of the organisms are physically separate, yet they are very close together. The organism is able to grow using arsenate bound to iron oxide; swarming and motility with such a substrate are extreme. The doubling time for growth with arsenate or nitrate as the terminal electron acceptor is 4 h. The presence of hydrogen gas stimulates the rate and extent of growth on arsenate but not on nitrate. The presence of yeast extract (0.4%) also stimulates the rate and extent of growth.
